Photoageing of human skin due to chronic exposure to ultraviolet radiation (UVR) is characterized histologically by extensive remodelling of the dermal elastic fibre system. Whilst enzymatic pathways are thought to play a major role in mediating extracellular matrix (ECM) degeneration in UV-exposed skin, the substrate specificity of UVR-up-regulated and activated matrix metalloproteinases (MMPs) is low. It is unclear, therefore, how such cell-mediated mechanisms alone could be responsible for the reported selective degradation of elastic fibre components such as fibrillin-1 and fibulin-5 during the early stages of photoageing. Here we use atomic force microscopy (AFM) and scanning transmission electron microscopy (STEM) to demonstrate that physiologically attainable doses (20-100 mJ/cm 2 ) of direct UV-B radiation can induce profound, dose-dependent, changes in the structure of, and mass distribution within, isolated fibrillin microfibrils. Furthermore, using reducing and native PAGE in combination with AFM, we show that, whilst exposure to low-dose UV-B radiation significantly alters the macromolecular and quaternary structures of both UV chromophore (Cys, His, Phe, Trp and Tyr)-rich fibrillin microfibrils (fibrillin-1, 21.0%) and fibronectin dimers (fibronectin, 12.9%), similar doses have no detectable effect on UV chromophore-poor type I collagen monomers (2.2%). Analysis of the published primary amino acid sequences of 49 dermal ECM components demonstrates that most elastic fibre-associated proteins, but crucially neither elastin nor members of the collagen family, are rich in UV chromophores. We suggest, therefore, that the amino acid composition of elastic fibre-associated proteins [including the fibrillins, fibulins, latent TGFβ binding proteins (LTBPs) and the lysyl oxidase family of enzymes (LOK/LOXLs)] may predispose them to direct degradation by UVR. As a consequence, this selective acellular photochemical pathway may play an important role in initiating and/or exacerbating cell-mediated ECM remodelling in UVR-exposed skin.
Introduction
In human skin, chronic exposure to ultraviolet radiation (UVR), the main cause of photoageing [1] , induces profound changes in the architecture of the elastic fibre system in the dermis [1] [2] [3] . Elastic fibres are extracellular matrix (ECM) assemblies that permit long-range deformability and passive recoil in vertebrate tissues [4, 5] . These composite fibres are composed primarily of a highly extensible elastin core [6] and an outer mantle of fibrillin-containing microfibrils, which are thought to direct elastic fibre formation [7] , reinforce mature elastic fibres [8, 9] , transmit forces [10] , support cell attachment [11] and mediate tissue homeostasis via sequestration of transforming growth factor β (TGFβ) [12] .
Severely photoaged skin is characterized histologically by the deposition of disorganized elastotic material in the reticular dermis [1, 3] , which replaces the normal elastic fibre architecture and is associated with a reduction in tissue elasticity [13] . In contrast, during the early stages of photoageing the elastic fibre components fibrillin-1 [14] and fibulin-5 [15] are lost from the microfibrillar apparatus at the dermal-epidermal junction (DEJ). Attempts to determine the causative mechanisms underlying changes in the mechanical properties of skin during photoageing have focused, primarily, on the failure of cells to maintain homeostasis via the aberrant expression of ECM proteases, such as the matrix metalloproteinases (MMPs) and their inhibitors [tissue inhibitors of metalloproteinases (TIMPs)] [16, 17] . The substrate specificity of these proteases and inhibitors is, however, low [18, 19] . Fibrillin microfibrils and peptides, for example, are catabolized by MMPs-2, -3, -9, -12 and -13 [20] and by the serine protease neutrophil elastase [21] . Furthermore, exposure of skin to low-dose UVR is sufficient to induce the expression of not only these enzymes but also MMPs-1, -7 and -9 [3, 22] . As, collectively, these UV-up-regulated MMPs are capable of degrading more than 20 ECM proteins, including the abundant skin components collagen types I, III, IV and VII, fibronectin and elastin in addition to fibrillin [18] , we suggest that enzyme-mediated pathways, in isolation, are unlikely to be responsible for the differential degradation of the microfibrillar apparatus in early photoageing.
In this study we initially employed quantitative ultrastructural and biochemical approaches to determine whether exposure to low-dose UVR in an acellular environment is sufficient to selectively alter the structure of ECM assemblies. Subsequently bioinformatic approaches were used to predict the relative susceptibility of individual ECM components to direct UVRmediated degradation.
Methods

Reagents, tissue samples and cultured cells
All reagents were obtained from Sigma-Aldrich Co. Ltd (Poole, UK) or BDH Ltd (Poole, UK), unless otherwise specified. A 6 mm diameter punch-biopsy (photoprotected buttock skin of a 23 year-old healthy male volunteer) was collected as part of a study into skin ageing approved by Salford 
Fibrillin microfibril isolation
COS-1 cells were maintained in DMEM (supplemented with 10% fetal calf serum and 50 µg/ml penicillin-streptomycin) at 37
• C and 5% CO 2 until 3 weeks post-confluent. Fibrillin microfibrils were isolated and purified from cultured cells and human skin by bacterial collagenase digestion and size exclusion chromatography [8] . Briefly, tissue was incubated in 0.5 mg/ml type IA bacterial collagenase supplemented with protease inhibitors and 10 mM CaCl 2 in column buffer (CB; 400 mM NaCl, 50 mM Tris-HCl, pH 7.4) for 4 h at 20
• C with gentle agitation. Cultured cells were incubated with the same buffer on a rocking table for 3 h at 20
• C prior to harvesting with a cell scraper. Digested material was centrifuged at 5000 × g for 5 min prior to size fractionation on a CB-equilibrated Sepharose CL-2B column. Subsequent UV-B radiation exposure experiments were conducted on two pooled 1 ml fractions from the centre of the excluded volume (V 0 ) peak.
UV-B irradiation of isolated ECM proteins and macromolecular assemblies
All biomolecular suspensions were irradiated at a distance of 16 cm from under the centre of a bank of two 20 W Phillips TL-12 tubes (270-400 nm; Eindhoven, The Netherlands). UV-B (280-315 nm) irradiance was monitored using a UVX radiometer and UVX-31 detector (UVR Products, Upland, CA, USA), calibrated for the source with a spectroradiometer and standards traceable to the National Physical Laboratory (Teddington, UK). Cell and tissue microfibril suspensions were irradiated in 10 mm diameter × 2 mm high polyethylene dishes for varying time intervals to deliver incident UV-B radiation doses up to 50 mJ/cm 2 (human skin microfibrils), 100 mJ/cm 2 (COS-1 microfibrils) or 500 mJ/cm 2 (acid-soluble type I collagen and bovine plasma fibronectin). Absorbed UV-B (280-315 nm) doses, as determined by spectrophotometry of microfibril suspensions and subsequent convolution with the spectral output of the TL-12 source, were estimated to be 3% of incident UV-B doses.
Irradiated type I collagen suspensions in 0.5 M acetic acid (1 mg/ml) were incubated with pepsin (1 mg/ml) for 30 min at room temperature. Following pepsinization, collagen suspensions were neutralized with 1 M Tris. Fibronectin suspensions (1 mg/ml) were irradiated in a neutral, high-salt buffer (500 mM NaCl, 50 mM Tris, pH 7.5).
Quantitative ultrastructural analysis
Fibronectin and fibrillin microfibrils were adsorbed from suspension onto mica and poly-L-lysine-coated mica, respectively, prior to visualization by intermittent contact mode atomic force microscopy (AFM; Nanoscope IIIa Multimode AFM, Veeco Instruments Inc., Santa Barbara, CA, USA) [8] . UVR-induced changes in microfibril mass and periodicity were quantified by dark-field scanning transmission electron microscopy (STEM; Tecnai 12 TWIN electron microscope, FEI Europe B.V., Eindhoven, The Netherlands) of microfibril suspensions adsorbed onto C-coated Cu grids [23] . The instrument was calibrated using a tobacco mosaic virus mass standard [24] . Mean mass maps were calculated for microfibril repeats with an axial periodicity of 57.9 nm. For each experimental group, microfibril periodicity (n = 200), flexion angle (n = 500) and length (n = 50), and fibronectin height and area (n = 300) were determined from AFM images [8, 25] by ImageJ [26] , WSxM scanning probe microscopy software [27] and by routines written in Microsoft Visual Basic 6.0 [8] .
gene names, chain start/end positions and UV chromophore contents are detailed for collagens, proteoglycans/glycoproteins and elastic fibre components (see Supporting information, Tables S1-S3).
Gel electrophoresis
The influence of UV-B radiation on the apparent molecular weight of type I collagen and fibronectin was assessed by reducing SDS-PAGE on 6% separating gels. Native PAGE on 6% gels was employed to characterize the effects of UV-B radiation exposure on the formation of protein complexes by type I collagen and fibronectin. Following PAGE, proteins were visualized by Coomassie blue staining.
Results
UV-B radiation exposure induces dose-dependent, structural changes in isolated fibrillin microfibrils
To investigate the susceptibility of fibrillin to UVR in vitro, we exposed microfibrils isolated from postconfluent fibroblast (COS-1) cell cultures to incident doses of UV-B irradiation (290-315 nm), which were less than (20 mJ/cm 2 ) equal to (50 mJ/cm 2 ) or greater than (100 mJ/cm 2 ), the mean incident dose causing minimal erythema (MED) in white skin [3] . It should be noted that the UV-B doses absorbed by the microfibril suspension were calculated, after convolution of spectrophotometric results with the spectral output of the TL-12 source, to be only 3% of the incident UVB doses. Following UVR exposure, extracted microfibrils appeared as uniform, semi-rigid, beaded filaments with a periodicity of 56 nm when visualized by AFM ( Figure 1A ). Exposure to UV-B radiation, however, significantly increased both microfibril periodicity ( Figure 1B , G) and flexibility ( Figure 1C , F) and induced fragmentation ( Figure 1D , E) in a dosedependent manner.
In order to localize these UV-B-induced changes in macromolecular structure, the mass distribution within irradiated microfibrils was determined by STEM. In agreement with the AFM observations, physiologically attainable doses of UV-B irradiation induced multiple morphological changes in fibrillin microfibrils visualized by STEM (Figure 2A , B; see also Supporting information, Figure S1 ). The mass per repeat (MPR) of UV-B-irradiated microfibrils was significantly reduced ( Figure 2C , D), with a UV-B dose of 100 mJ/cm 2 inducing a mass loss equivalent to more than 23% (322 kDa) of the pre-irradiation mass (1358 ± SEM 18.3 kDa). Structural reorganizations and/or mass losses were localized within the microfibril repeat by calculating mass difference maps from mean mass maps ( Figure 2E , F). Mass was lost primarily from the central bead region of microfibrils exposed to UV-B doses of 20 and 50 mJ/cm 2 . Exposure to a UV-B dose of 100 mJ/cm 2 , however, induced profound with developmental stage [30] . Here we demonstrate that the mean MPR of COS-1 cell-derived microfibrils (1358 kDa), is similar to previously reported MPRs of fetal tissue-derived microfibrils ( Figure 3A) . In order to exclude the possibility that only 'immature' microfibrils are susceptible to direct UVR-induced damage, we exposed microfibrils extracted from photoprotected adult human buttock skin to a UV-B radiation dose of 50 mJ/cm 2 . Whilst exposure to UV-B radiation induced Figure S1 ). Exposure to physiologically attainable UV-B doses, equivalent to or less than the MED of 30-50 mJ/cm 2 [3] is sufficient, therefore, to directly induce profound changes in the structure of both in vitro (immature) and in vivo (mature) synthesized microfibrils.
Elastic fibre-associated proteins are rich in UV-labile amino acids Selective protein degradation by ultraviolet radiation skin [1, 3, 14, 15] ; and (b) UVR exposure profoundly affects the structure of isolated fibrillin microfibrils (this study) imply that elastic fibre components may be particularly photo-labile. UV chromophores are molecules, or regions of molecules, which absorb UV-B radiation. This absorbed energy may subsequently alter molecular structures, either directly, or indirectly via the generation of reactive oxygen species (ROS) [31] . As only a subset of the 20 amino acid residues found in human proteins (Trp, Tyr, Phe, His and Cys) act as UV-B chromophores [28] , it follows that chemically distinct ECM molecules may exhibit differential susceptibilities to direct UVR.
We initially quantified the content of these five UV-B chromophores within the published structures of two contiguous calcium-binding epidermal growth factorlike (cbEGF) domains [32] and a single TGFβ1-binding protein-like (TB) domain [33] found in fibrillin-1 ( Figure 4A ). Both domains, which dominate the structure of the fibrillins, are stabilized by multiple Cys-Cys (cystine) intra-domain disulphide bonds [29] . These bonds may be photodegraded directly, through absorption of UV-B radiation, or indirectly by electron capture from Trp or Tyr residues, which in turn can initiate an amino acid-degrading radical cascade [34] . As a consequence, primarily of the Cys content therein, over 20% of the amino acids within fibrillin-1 are UV chromophores ( Figure 4B) . Analysis of the published primary amino acid sequences of 49 key dermal ECM proteins indicates that a high UV chromophore content is a feature of not only the fibrillins (both-1 and -2) but also other major families of elastic fibre proteins, including fibulins, latent TGFβ-binding proteins (LTBPs) and the lysyl oxidase family of enzymes (LOK/LOXLs) ( Figure 4C ). Collectively, therefore, elastic fibre-associated proteins (with the exception of elastin itself) are highly enriched in UV chromophores compared with ECM collagens and proteoglycans ( Figure 4C ).
The susceptibility of ECM components to direct UV-B radiation is positively correlated with their UV chromophore composition
Having already demonstrated that UV-B chromophorerich fibrillin microfibrils (fibrillin-1 UV chromophore content, 21.0%) are susceptible to relatively low doses of UV-B radiation, we exposed suspensions of two abundant and functionally crucial dermal ECM components (type I collagen, UV chromophore content 2.2%; fibronectin, UV chromophore content 12.9%) to increasing doses of UV-B radiation. Non-irradiated type I collagen was visualized by reducing SDS-PAGE as distinct α1(I) (130 kDa) and α2(I) (116 kDa) procollagen bands (Figure 5Ai ). Exposure to doses of UV-B radiation up to 10 times the MED (500 mJ/cm 2 ) [3] had no measurable effect on the electrophoretic mobilities or the relative intensities of UV chromophore-poor collagen I α-chains ( Figure 5A ). Furthermore, exposure to UV-B radiation had no discernable effect on the quaternary structure of the type I collagen triple helix ( Figure 5B ).
In contrast, UV-B radiation promoted the formation of high-molecular weight (MW) fibronectin aggregates (Ag and Ag ) and reduced the intensity of lower MW bands (Fn and Fn ) in a dose-dependent manner in both reducing and native conditions (Figure 5C , D; see also Supporting information, Figures S2-S4 ). Molecular fragmentation, however, was not observed, even at relatively high doses of UV-B radiation (see Supporting information, Figure S2 ). Fibronectin dimers form highly ordered structures in solution, which may be visualized by AFM as three globular domains connected by two extended arms [35] . Prior to UV-B radiation exposure, bovine plasma fibronectin appeared in both dimeric and monomeric forms ( Figure 6A, C) . Exposure to UV-B irradiation disrupted the ordered morphology of fibronectin, inducing aggregation ( Figure 6C ) and significantly altering both molecular height ( Figure 6D ) and area (see Supporting information, Figure S5) .
Therefore, whilst UV-B chromophore-poor type I collagen (2.2%) is unaffected by UVR doses of up to 10 times the MED (500 mJ/cm UV chromophore content (21.0%) than fibronectin, undergo extensive degradation at lower UV-B doses (<50 mJ/cm 2 ).
Discussion
The key elastic fibre component fibrillin is selectively lost during photoageing [14] and in this study we demonstrate that fibrillin microfibrils may be degraded in vitro by physiologically relevant doses of UVR. We suggest, therefore, that direct UVR exposure may provide an alternative in vivo catabolic pathway which, crucially, is more specific for Cys-rich elastic fibre components than enzyme-mediated proteolysis. (C) Isodata thresholding and particle analysis applied to AFM height image data of non-exposed fibronectin adsorbed onto a mica surface (500 × 500 nm, 3 nm z scale). Particles identified as dimers (d) occupied twice the surface area of monomers (m). Abundant, tri-lobed (arrows), fibronectin dimers [35] were observed in the nonexposed population (A). Exposure to UV-B (B) disrupted this distinct morphology and promoted the formation of disordered aggregates. (D) Height frequency distributions of non-exposed (0 mJ/cm 2 ) and UV-B-irradiated (500 mJ/cm 2 ) fibronectin particles. Exposure to UV-B significantly increased the mean fibronectin particle height from 0.59 ± 0.004 nm 2 (0 mJ/cm 2 ) to 0.67 ± 0.004 nm (500 mJ/cm 2 ) (p = 5.4 × 10 −27 ; n = 300, Student's t-test).
The unique tissue location, longevity and chemical composition of elastic fibre components may act synergistically to promote their degradation by direct UVR. Fibrillin-rich microfibrils, which form the cascade of oxytalan fibres in the papillary dermis [4] , for example, will receive not only a higher total UVR dose [36] than fibrillar collagens and elastic fibres within the reticular dermis but also a relatively higher dose of less penetrating, but more biologically active, UV-B [37] . Furthermore, whether located in oxytalan fibre cascades at the DEJ [14] or on the surface of elastic fibres [4] , fibrillin microfibrils are more accessible to incident UVR than either elastin or type I collagen which form densely packed, large-diameter fibres and fibrils [4, 38] .
The temporal exposure of elastic fibre proteins may also exceed that of other tissue components. Whilst intracellular proteins have half-lives measured in hours [39] , ECM assemblies have very low turnover rates in vivo [5] . In comparison with dermal collagens with an estimated half-life of 15 years [40] , aspartic acid racemization and radio-labelling studies suggest that elastic fibre proteins may persist for the lifetime of an individual [41, 42] . The sensitivity of microfibrils to low-dose UV-B irradiation, as demonstrated in this study, combined with their unique architecture and marked tissue longevity, provides ample opportunity for these structures to accumulate environmental damage as a consequence of chronic UVR exposure.
Finally, although specific morphological changes may be induced in microfibrils following exposure to Ca 2+ -chelating agents, which decrease periodically, or to proteases such as MMP-2 and -12, which cause fragmentation and increase periodicity respectively [20, 43] , exposure to UVR appears to be unique in inducing manifold structural changes within the same molecular population. The variety of these morphological changes, when considered in conjunction with the generalized structural mass loss, implies that UV-B irradiation interacts stochastically with UV chromophores distributed throughout the fibrillin-1 molecule. We suggest, therefore, that the widespread distribution of cystine bonds and electron-donating Trp and Tyr residues (see Supporting information, Figure S6 ) within the primary structures of cbEGF-based microfibrillar proteins, such as the fibrillins, fibulins and LTBPs, may underlie the susceptibility of the microfibrillar apparatus to UVR exposure. In marked contrast, UV chromophorepoor type I collagen, which plays a key role in skin structure, is markedly insensitive to physiologically attainable UVR ( Figure 5A, B) . As early as 1965, Cooper and Davidson demonstrated that UVR (at wavelengths <400 nm) fragmented soluble collagen [44] . In more recent studies, UVR has been shown to influence collagenase-mediated collagen degradation [45] , collagen fibrillogenesis [46] and the structure of the collagen helix [47] . In all of these studies, however, structural changes were induced only after exposure to radiation doses which were 200-5000 times greater than the highest dose used in this study. The structure of fibronectin (UV chromophore content 12.9%), however, appears to be extremely sensitive to direct UVR exposure. As a consequence, UVR may profoundly affect cell-matrix interactions in vivo.
Regardless of the mechanisms underlying UVRinduced ECM damage, changes in fibrillin microfibril structure are likely to have profound biomechanical and biochemical consequences for tissue function. Within skin, reduced microfibrillar tensile strength, as a result of cleavage events, may impact on the ability of microfibrils to reinforce the elastic fibre and to transmit forces between the extracellular and cellular fractions of the tissue. Biochemically, structural alterations in both microfibril and fibronectin morphology, similar to those induced by UVR exposure, are sufficient to inhibit integrin-mediated cell attachment [25, 48] . Alterations in surface charge or mass distribution have the potential to reduce the affinity of fibrillin for other ECM molecules, such as MAPG-1, tropoelastin, decorin, fibulins and versican [4] , and to increase the affinity of fibrillin for itself. It may be that this latter tendency for UVR to promote fibrillin fragmentation and self-association underlies not only the early loss of oxytalan fibres from the DEJ but also the later accumulation of dystrophic elastotic material in chronically photoaged skin [1] . Finally, disruption of the ability of fibrillin microfibrils to sequester TGFβ [12] is thought have profound consequences for tissue homeostasis. By interfering with both ECM homeostasis [3] and elastic fibre deposition [7] , UVR-induced changes in fibrillin microfibril structure may, therefore, trigger uncontrolled elastic fibre remodelling.
In summary, since exposure to UVR increases the expression and activity of ECM-degrading MMPs [1] , it has been assumed that matrix remodelling in photoaged skin is due primarily to enzymatic cleavage. Here we demonstrate that irradiation of isolated ECM molecules with physiologically attainable doses of UVR can selectively denature the molecular and macromolecular structures of UV chromophorerich species. Although it remains to be determined whether UVR-induced microfibrillar degradation is evident in vivo, we suggest that the location, architecture, low turnover and chemical composition of microfibrillar proteins all play a role in enhancing the susceptibility of these structures to direct UVR damage and that this direct damage may be an important mechanism in the process of skin photoageing.
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